The sensitivity of Escherichia coli to several aminoglycoside antibiotics was examined with E. coli DR112 transformed by the gene for polyamine-induced protein (oligopeptide-binding [OppA] Polyamines are important for cell growth (36). We have previously found that synthesis of a protein of Mr 62,000, named polyamine-induced protein, was stimulated greatly by the addition of putrescine during growth of a polyaminerequiring mutant of Escherichia coli MA261 (28). Since this synthesis was followed by polyamine stimulation of cell growth, the physiological function of this protein may be important for cell growth. The protein was recently identified as a periplasmic oligopeptide-binding (OppA) protein (20).
Polyamines are important for cell growth (36) . We have previously found that synthesis of a protein of Mr 62,000, named polyamine-induced protein, was stimulated greatly by the addition of putrescine during growth of a polyaminerequiring mutant of Escherichia coli MA261 (28) . Since this synthesis was followed by polyamine stimulation of cell growth, the physiological function of this protein may be important for cell growth. The protein was recently identified as a periplasmic oligopeptide-binding (OppA) protein (20) .
Although aminoglycoside antibiotics are known to be accumulated in E. coli cells by an active transport system (1-3, 6, 30), the uptake of aminoglycoside antibiotics is a complex process and still a matter of controversy (7, 35) . Streptomycin is thought to be taken up by E. coli in a process that may be subdivided into three consecutive phases: first, a rapid electrostatic binding to the cell; second, a slow rate of accumulation; and third, a much enhanced rate of uptake. There is also a report that the enhanced streptomycin uptake is explained by the induction of a polyamine transport system by streptomycin, which can be utilized by streptomycin itself (12) . We recently isolated three clones carrying polyamine transport genes (pPT104, pPT79, and pPT71) and characterized them (9, 16, 19) . To determine which protein is involved in the transport of aminoglycoside antibiotics, sensitivity to the antibiotics was examined with E. coli cells which overproduced transport proteins or polyamine-induced protein (OppA protein). The results indicate that aminoglycoside antibiotics were transported by the oligopeptide uptake system, whose synthesis was * Corresponding author. strongly regulated by polyamines, but not by the ordinary polyamine transport systems. We also found that spermidine was transported by the oligopeptide uptake system, although the rate of transport was much slower than that by the ordinary spermidine uptake system encoded by pPT104 (9, 16).
MATERIALS AND METHODS
Bacterial strains, clones, and culture conditions. The polyamine-requiring mutants of E. coli MA261 (speB speC thr leu ser thi [5] ) and E. coli DR112 (speA speB thi [24] ) were kindly supplied by W. K. Maas and D. R. Morris, respectively. The polyamine transport-deficient mutant of E. coli NH1596 was isolated from E. coli MA261 as described previously (16). The clones containing the gene for polyamine-induced protein, i.e., OppA protein (pPI5.1 and pPI5), the spermidine and putrescine transport protein (pPT104), and the putrescine transport protein (pPT79 and pPT71) were isolated by using pACYC184 (4) as a vector, as described previously (16, 20 (approximately 2.5 x 107 cpm/ml). After incubation at 30°C, the cells were collected on membrane filters and washed as described previously (18) . The radioactivity on the filters was assayed with a liquid scintillation spectrometer. Assay for binding of isepamicin, spermidine, and tripeptide to OppA protein. This assay was performed by gel filtration as described previously (14) . A column (0.5 by 11 cm) of Bio-Gel P-10 was equilibrated with a buffer containing 10 mM Tris-HCl (pH 7.5), 1 mM magnesium acetate, 50 mM KCl, and various concentrations of radioactive substrates (50 to 300 FiM). OppA protein (1 mg) in 0.3 ml of the above buffer was applied to the column. The column was eluted with the same buffer, and the radioactivity was counted. Since the area of the radioactive peak should be equal to the area of the radioactive trough, the average of two interdependent measurements was used to estimate the amount of substrate bound to the OppA protein. (32) . To 400,000 cpm of [3H]lysinelabeled protein in 0.5 ml of buffer containing 10 mM sodium phosphate (pH 7.4), 100 mM NaCl, 1% Triton X-100, and 0.1% sodium dodecyl sulfate (SDS) was added 0.25 mg of immunoglobulin for the OppA protein. After the preparation was agitated gently for 60 min at room temperature, 0.08 ml of 10% Formalin-fixed Staphylococcus aureus Cowan 1 cells was added. The precipitate was suspended in 0.04 ml of gel sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.01% bromphenol blue). Gel electrophoresis (21) and fluorography (22) were performed with a 0.03-ml aliquot.
Other procedures and chemicals. OppA protein was purified by a previously published method (28) . Immunoglobulin for the OppA protein was prepared as described previously (15) and was partially purified from the antiserum by precipitation with 40% saturated (NH4)2SO4. Formalin-fixed S. producing spermidine and putrescine transport protein; pPT79, producing putrescine transport protein with high activity; and pPT71, producing putrescine transport protein with low activity (9, 16, 19, 20) . As shown in Fig. 2 and Table 2 , expression of OppA protein greatly increased the sensitivity to streptomycin, gentamicin, isepamicin, kanamycin, neomycin, and paromomycin, but sensitivity to methylerythromycin, one of the macrolide antibiotics, was not increased by the protein. The sensitivity of E. coli DR112 transformed with pPI5.1 to aminoglycoside antibiotics was always greater than that of E. coli DR112 transformed with pPI5, indicating that the degree of inhibition of cell growth by these antibiotics was proportional to the amount of OppA protein synthesized. Then, the gene for OppA protein was deleted in E. coli DR112, and sensitivity to aminoglycoside antibiotics was examined. As shown in Fig. 3 , sensitivity to neomycin, paromomycin, and streptomycin was greatly decreased by deletion of the gene for OppA protein. These results indicate that aminoglycoside antibiotics may be transported at least in part by the oligopeptide transport system.
As shown in Table 2 , the spermidine and putrescine transport protein encoded by pPT104 increased the sensitivity to gentamicin but not to the other aminoglycoside antibiotics. The putrescine transport protein encoded by pPT71 increased the sensitivity to isepamicin but not to the other aminoglycoside antibiotics. A part of the structure of gentamicin and isepamicin may be similar to that of spermidine and putrescine, respectively. When sensitivity to gentamicin and isepamicin was examined with E. coli CU103, lacking the gene for OppA protein, the decrease in sensitivity to these antibiotics was small compared with that to neomycin, paromomycin, and streptomycin (data not shown), also suggesting that there are other transport systems for gentamicin and isepamicin. (Fig. 4) . This slow rate was reflected by the binding constants for spermidine and Gly-Leu-Tyr binding to OppA protein (Table 3) The rate of Gly-Leu-Tyr uptake by E. coli NH1596 observed in the present study was very much lower than that by E. coli MA261 reported in the previous work (20) . This may be explained as follows. (i) E. coli NH1596 was obtained from E. coli MA261 by N-methyl-N'-nitro-N-nitrosoguanidine treatment. During the treatment, E. coli cells may be damaged. (ii) In the previous experiment (20) , E. coli MA261 was grown in the presence of the tripeptide, which may induce the oligopeptide transport system. The uptake of isepamicin was partially inhibited by spermidine but not by Gly-Leu-Tyr, and that of spermidine was partially inhibited by the antibiotic but not by the tripeptide. Neither isepamicin nor spermidine inhibited the uptake of Gly-Leu-Tyr (Fig. 5) . These (Fig. 6) . It was observed that synthesis of the protein was not stimulated significantly by 30 ,ug of streptomycin or 3 ,g of gentamicin per ml, which caused 50% inhibition of cell growth of E. coli MA261. It was not stimulated even when the concentration of streptomycin was changed from 5 to 60 ,ug/ml. Under these conditions, spermidine uptake activity was not increased (data not shown).
DISCUSSION
It has been reported that streptomycin is taken up by E. coli via an inducible polyamine transport system (12) . We recently isolated three polyamine transport clones (carried by pPT104, pPT79, and pPT71) and characterized them (16). The system encoded by pPT104 can catalyze both spermidine and putrescine transport, but the systems encoded by pPT79 and pPT71 can catalyze only putrescine transport. In addition, polyamine-induced protein (OppA protein) is induced strongly by polyamines (20, 28) . Thus, the sensitivity of E. coli to several aminoglycoside antibiotics was examined by using E. coli DR112 transformed by the gene for polyamine transport synthesis of OppA protein is stimulated by polyamines. This was supported by the results that sensitivity to the antibiotics decreased in cells lacking the gene for OppA protein.
The oligopeptide transport system consisted of five proteins (OppA, -B, -C, -D, and -F proteins). Our results indicate that overproduction of the OppA protein is sufficient to increase the uptake of aminoglycoside antibiotics. According to the results in Table 3 , the apparent Km of OppA protein for isepamicin was 120 ,uM, which is relatively high.
The overproduction of OppA protein may increase the interaction between substrates (aminoglycoside antibiotics) and the membrane-associated components (OppB, -C, -D, and -F proteins).
It seems that most of the aminoglycoside antibiotics are not transported by the polyamine transport systems. Only gentamicin and isepamicin were taken up by the pPT104-and pPT71-encoded systems, respectively. It remains to be clarified how the antibiotics were recognized by the polyamine transport systems.
It was also reported that streptomycin increases spermidine transport 10-fold (12) . Since the increase in transport activity was inhibited by chloramphenicol, this augmentation was thought to be the result of a streptomycin-induced synthesis of the transport system. We could not confirm those results. Furthermore, gentamicin and streptomycin did transport system, although the rate of transport was ex-
